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MICROCAPSULES ADAPTED TO RUPTURE
IN A MAGNETIC FIELD TO ENABLE EASY
REMOVAL OF ONE SUBSTRATE FROM
ANOTHER FOR ENHANCED
REWORKABILITY

BACKGROUND OF THE

INVENTION

1. Field of Invention

The present invention relates 1n general to the fields of
removability, reworkability and recyclability. More particu-
larly, the present invention relates to a method and apparatus
employing microcapsules adapted to rupture 1n a magnetic
field to enable a first substrate (e.g., a coldplate) to be easily
removed from a second substrate (e.g., an electronics mod-
ule) for enhanced reworkability or recyclability.

2. Background Art

In general, 1t 1s desirable for a thermal interface matenal
(TIM) gap filler between a first substrate (e.g., a coldplate)
and a second substrate (e.g., a cap of an electronics module)
to exhibit adequate adhesion (i.e., the thermal performance of
the mterface 1s reduced 11 an air gap 1s introduced from voids
or delamination), yet possess a low enough bond strength to
allow for rework. In the case of a “TIM2” gap filler (e.g.,
between a bottom surface of a coldplate and a top surface of
a cap of an electronics module), for instance, 1t 1s desirable for
the TIM gap filler to exhibit adequate adhesion to both the
bottom surface of the coldplate and the top surtace of the cap
ol the electronics module, yet possess a low enough bond
strength between 1tself and the coldplate to allow for rework.
In this case, the coldplate must be completely removed from
a defective electronics module to provide reworkability to the
module during manufacture or i the field. Several
approaches to address this problem have focused on a pad
TIM2 and a cross-linked silicone gel. A serious drawback to
the first approach (i.e., a pad TIM2) 1s that pads are not
compressible enough, resulting 1n poor thermal performance
at the mterface. A serious drawback to the second approach
(1.e., across-linked silicone gel) 1s that gels can “pump” out of
the interface due to thermal cycling. Another approach to
address this problem 1s to utilize a picture-in-picture-frame
concept, wherein the “picture frame” 1s comprised of a pad
and the “picture” 1s comprised of a cross-linked silicone gel.
In the case of this hybrid approach, the pad prevents the gel
from pumping; and because the bulk of the TIM gap filleris a
gel, adequate compression to the desired bond line 1s pro-
vided. However, the hybrid approach disadvantageously
requires the use of two distinct TIM gap filler materials, as
well as a custom die-cut pad.

Although described 1n the context of removing a coldplate
adhered to an electronics module by a TIM gap filler, the
problem discussed above also exists 1n the more general con-
text of removing one substrate from another. For example, a
similar problem exists 1n the context of removing a first sub-
strate from a second substrate for purposes such as recycling,
reworkability, and the like. In one 1llustrative example, labels
are frequently attached to products, such as computers and
other electronic devices, for purposes of information, satety
and security. Typically, an adhesive layer permanently aflixes
the label to the product to prevent the label from falling off or
being removed from the product. For example, the use of
pressure sensitive adhesive (PSA) labels for such purposes 1s
well known 1n the art. Typically, the pressure sensitive adhe-
stves used on these labels are extremely tenacious and tend to
exhibit exceptional adhesion well beyond the lifetime of the
product. Removable labels, 1.e., labels provided with a
removable adhesive layer possessing temporary as opposed
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2

to permanent bonding characteristics, are known 1n the art but
are typically not used because of the increased likelihood that
such labels will fall off the product and because such labels
undesirably enable mappropriate removal by the user. For
example, 1t 1s generally undesirable for a user to remove a
satety label from a cover of a computer enclosure.

Hence, labels that are permanently affixed to the product
are typically preferred from a product use perspective. From
the recycling perspective, however, labels that are perma-
nently atfixed to products are problematic. Typically, the label
must be removed from the product before 1t 1s possible to
recycle the label-bearing part of the product. Generally, the
removal of permanently affixed labels 1s a difficult and time
consuming task and often results 1n unsatisfactory results,
1.e., remnants of labels and/or adhesive residue may remain
on the product. Contamination by the label remnants and/or
adhesive residue makes 1t practically impossible to recycle
products bearing permanently affixed labels. The wastetul
and undesirable practice of burying the label-bearing parts of
such products 1n landfills 1s often the only available disposal
technique. Depending on the composition of the label-bear-
Ing parts, mcineration may be an available alternative dis-
posal technique, but generally 1s also a wasteful and undesir-
able practice.

SUMMARY OF THE INVENTION

Some embodiments of the invention provide an enhanced
mechanism for enabling a first substrate to be easily removed
from a second substrate for enhanced reworkability (during
manufacture or 1n the field) or recyclability (at a product’s
end-of-life).

According to some embodiments of the present invention,
an enhanced thermal interface material (TIM) gap filler for
filling a gap between two substrates (e.g., between a coldplate
and an electronics module) includes microcapsules adapted
to rupture 1n a magnetic field. The microcapsules, which are
distributed 1n a TIM gap filler, each have a shell that encap-
sulates a solvent. One or more organosilane-coated magnetic
nanoparticles 1s/are covalently bound into the shell of each
microcapsule. In one embodiment, (3-aminopropyl) trimeth-
ylsilane-coated magnetite nanoparticles are incorporated into
the shell of a urea-formaldehyde (UF) microcapsule during in
situ polymerization of the UF microcapsule. To enable easy
removal of one substrate ailixed to another substrate by the
enhanced TIM gap filler, the substrates are positioned within
a magnetic field sutficient to rupture the microcapsule shells
through magnetic stimulation of the organosilane-coated
magnetic nanoparticles. The ruptured microcapsule shells
release the solvent, which dissolves and/or swells the TIM
gap filler, thereby reducing the bond strength between the
substrates.

The foregoing and other features and advantages of the
present invention will be apparent from the following more
particular description of some embodiments of the present
invention, as illustrated in the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The preferred exemplary embodiments of the present
invention will heremnafter be described 1n conjunction with
the appended drawings, where like designations denote like
clements.

FIG. 1 1s a cross-sectional view of an assembly having a
coldplate (or heat sink) atfixed to a cap (or 1id) of an electron-
ics module by an enhanced thermal interface material (11IM)
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gap filler having microcapsules adapted to rupture in a mag-
netic field 1n accordance with some embodiments of the

present invention.

FIG. 2 1s a cross-sectional view of the assembly shown in
FIG. 1 positioned for rework proximate a magnetic field
generating device 1n accordance with some embodiments of
the present invention.

FIG. 3 1s a flow diagram illustrating a method of preparing,
microcapsules adapted to rupture 1n a magnetic field in accor-
dance with some embodiments of present invention.

FIG. 4 1s a flow diagram 1illustrating a method of preparing,
organosilane-coated magnetic nanoparticles 1 accordance
with some embodiments of present invention.

FIG. 5 15 a flow diagram 1llustrating a method of 1incorpo-
rating organosilane-coated magnetic nanoparticles into shells
of microcapsules in accordance with some embodiments of
present invention.

FI1G. 6 1s a tlow diagram 1illustrating a method of preparing
an enhanced thermal interface material (TIM) gap filler 1n
accordance with some embodiments of present invention.

FI1G. 7 1s a flow diagram 1llustrating a method of removing,
a lirst substrate from a second substrate aifixed to the first
substrate by an enhanced thermal mterface material (TIM)
gap filler 1n accordance with some embodiments of present
invention.

DETAILED DESCRIPTION

According to some embodiments of the present invention,
an enhanced thermal interface material (TIM) gap filler for
filling a gap between two substrates (e.g., between a coldplate
and an electronics module) mncludes microcapsules adapted
to rupture 1n a magnetic field. The microcapsules, which are
distributed 1n a TIM gap filler, each have a shell that encap-
sulates a solvent. One or more organosilane-coated magnetic
nanoparticles i1s/are covalently bound into the shell of each
microcapsule. In one embodiment, (3-aminopropyl) trimeth-
ylsilane-coated magnetite nanoparticles are incorporated 1nto
the shell of a urea-formaldehyde (UF) microcapsule during in
situ polymerization of the UF microcapsule. To enable easy
removal of one substrate affixed to another substrate by the
enhanced TIM gap filler, the substrates are positioned within
a magnetic field sullicient to rupture the microcapsule shells
through magnetic stimulation of the organosilane-coated
magnetic nanoparticles. The ruptured microcapsule shells
release the solvent, which dissolves and/or swells the TIM
gap filler, thereby reducing the bond strength between the
substrates.

Electronic components, such as a microprocessors and
integrated circuits, must operate within certain specified tem-
perature ranges to perform etficiently. Excessive temperature
degrades electronic component functional performance, reli-
ability, and life expectancy. Heat sinks are widely used for
controlling excessive temperature. Typically, heat sinks are
formed with fins, pins or other similar structures to increase
the surface area of the heat sink and thereby enhance heat
dissipation as air passes over the heat sink. In addition, 1t 1s not
uncommon for heat sinks to contain high performance struc-
tures, such as vapor chambers and/or heat pipes, to enhance
heat spreading 1nto the extended area structure. Heat sinks are
typically formed of highly conductive metals, such as copper
or aluminum. More recently, graphite-based materials have
been used for heat sinks because such materials offer several
advantages, such as improved thermal conductivity and
reduced weight.

Typically, 1n order to suificiently cool higher power elec-
tronic components (e.g., 1n excess of 90 W power dissipation)
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to acceptable temperatures, the heat must be drawn directly
off the top surface of the component using a cooling plate.
Removing heat from the component topside, either by con-
duction through a thermally conductive cooling plate to the
computer chassis structure or via fluid convection through an
attached liquid-cooled cooling plate, results 1n a relatively
low thermal resistance path to the external environment. The
cooling plate, which may be either a thermally conductive
plate or a liquid-cooled plate, 1s also referred to as a “cold-
plate”.

Current solutions for topside cooling incorporate a cold-
plate (1.e., either a thermally conductive cooling plate or
fluid-cooled cooling plate) that 1s hard mounted to the pro-
cessor circuit board. Typically, one or more high power pro-
cessors to be cooled 1s/are mounted on the topside of the
processor circuit board, along with a plurality of other elec-
tronic components that are to be cooled. These current solu-
tions typically utilize a fixed-gap coldplate, 1.¢., the coldplate
1s fixedly mounted to the processor circuit board so as to
present a {ixed-gap interface between the coldplate and each
of the components to be cooled.

Electronic components are generally packaged using elec-
tronic packages (1.e., modules) that include a module sub-
strate to which the electronic component 1s electronically
connected. In some cases, the module includes a cap (1.e., a
capped module) ora lid (1.e., alidded module) which seals the
clectronic component within the module. In other cases, the
module does not include a cap (1.e., a bare die module). In the
case of a capped module (or a idded module), the coldplate
(or the heat sink) 1s typically attached with a thermal interface
material (TIM) gap filler (also referred to as “TIM2”)
between a bottom surface of the coldplate (or heat sink) and a
top surface of the cap (or lid), and another thermal interface
material (TIM) gap filler (also referred to as “TIM17)
between a bottom surface of the cap (or I1id) and a top surface
ol the electronic component. In the case of a bare die module,
a coldplate (or heat sink) 1s typically attached with a thermal
interface material (TIM) gap filler between a bottom surface
of the coldplate (or heat sink) and a top surface of the elec-
tronic component.

In general, 1t 1s desirable for the TIM gap filler (e.g., TIM1,
TIM2, etc.) to exhibit adequate adhesion (i.e., the thermal
performance of the interface 1s reduced 1f an air gap 1s ntro-
duced from voids or delamination), yet possess a low enough
bond strength to allow for rework. In the case of a TIM2 gap
filler, for mstance, 1t 1s desirable for the TIM gap filler to
exhibit adequate adhesion to both the bottom surface of the
coldplate (or heat sink) and the top surface of a cap (or l1d) of
the electronics module, yet possess a low enough bond
strength between itself and the coldplate (or heat sink) to
allow for rework. In this case, the coldplate (or heat sink) must
be completely removed from a defective electronics module
to provide reworkability to the module during manufacture or
in the field.

In accordance with some embodiments of the present
invention, an enhanced thermal interface material (TIM) gap
filler can be 1instructed to release from the coldplate on
demand. For example, by incorporating magnetic nanopar-
ticles 1nto the shell of a urethane-based microcapsule, encap-
sulating toluene 1n the core of the microcapsule, and distrib-
uting such microcapsules 1n a base silicone TIM2 in
accordance with some embodiments of the present invention,
the toluene can be released from the microcapsules under
application of an external magnetic field (1.e., “on demand”).
Application of the magnetic field ruptures the microcapsule
shell, which 1n turn releases the toluene. The toluene will
solubilize or swell the base silicone TIM2, thereby reducing
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the adhesive strength between the TIM2 and the mating sur-
faces. This will enable rework of the assembly without exert-

Ing excessive force on sensitive components.

In accordance with some embodiments of the present

invention, microcapsules adapted to rupture in a magnetic
field are prepared utilizing a multi-step process. This multi-
step process 1s illustrated 1n FIG. 3. Imitially, organosilane-
coated magnetic nanoparticles are provided. This 1nitial step
corresponds to step 305 1n FIG. 3, an example of which 1s
illustrated in greater detail 1n FIG. 4. Then, the organosilane-
coated magnetic nanoparticles are incorporated 1nto shells of
microcapsules. This subsequent step corresponds to step 310
in FIG. 3, an example of which 1s 1llustrated in greater detail
in FIG. 5.
In accordance with some embodiments of the present
invention, an organo trialkoxysilane, such as aminopropyltri-
cthoxysilane, 1s reacted with a mild acid (e.g., acetic acid,
hydrochloric acid, formic acid) 1n an aqueous solution to form
a hydrolyzed silane. This step, which corresponds to step 4035
in FIG. 4, may be performed at ambient temperature or
clevated temperatures to increase the reaction kinetics of the
silane formation. Additionally, the solvent used in this step
may be, for example, tetrahydrofuran, ethanol or methanol.
Once the silane 1s formed, magnetic nanoparticles are added
to the solution and mixed. This step corresponds to step 410 1n
FIG. 4. The magnetic nanoparticles may be, for example,
Fe O, (also referred to as “magnetite”) prepared using con-
ventional techniques known to those skilled 1n the art.

An outline of an example of this subsequent step (corre-

sponding to step 410 in FIG. 4) 1s set forth in Equation 1
below.

Equation 1
MAGNETIC (EO)sSIR
NANOPARTICLE H+, BtOH
|
Si
R\ | S./R
Si l
R MAGNETIC
S NANOPARTICLE S
R
R
Y Si
R Si
\
/Si R
R
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This then results in the functionalization of a magnetic
nanoparticle, which can be then covalently bound into the
shell of a urea-formaldehyde (UF) microcapsule. This subse-
quent step corresponds to step 310 1n FIG. 3, which step 1s
illustrated 1n greater detail in FIG. 5. Toluene, for example,
can be icorporated into the core of these microcapsules
through conventional microcapsule fabrication processes
(e.g., 1n situ polymerization of a urea-formaldehyde (UF)
microcapsule shell around a core material to encapsulate that
material ) known to those skilled in the art.

Also, 1n accordance with some embodiments of the present
invention, an enhanced thermal interface material (TIM) gap
filler may be prepared by adding microcapsules adapted to
rupture in a magnetic field (e.g., prepared by the multi-step
process 1llustrated 1 FIG. 3) to a conventional TIM gap filler.
This corresponds to the method 1llustrated 1n FIG. 6.

Still further, 1n accordance with some embodiments of the
present invention, a first substrate (e.g., a coldplate) may be
casily removed from a second substrate (e.g., a cap of an
clectronics module) by applying a magnetic field to an
enhanced thermal interface matenial (TIM) gap filler (e.g.,
prepared by the process illustrated in FIG. 6) disposed
between and adhering the substrates. Application of a sudfi-
ciently strong magnetic field (e.g., 2.5 kA/m or 31 Oe) causes
the magnetic particles to rotate at an accelerated rate thereby
rupturing the outer shell of the microcapsules and, 1n turn,
releasing toluene. Toluene will either dissolve non-
crosslinked silicone or swell crosslinked silicone resulting 1n
a dramatic decrease in bond strength (due to plasticization
and lowering of tensile modulus). The lower bond strength
subsequently enables easy separation of the mated surfaces.

FIG. 1 1s a cross-sectional view of an assembly 100 having
a coldplate or heat sink 103 affixed to a cap or lid 110 of an
clectronics module by an enhanced thermal interface material
(TIM) gap filler 120 having microcapsules 1235 adapted to
rupture in a magnetic field i accordance with some embodi-
ments of the present mvention.

The TIM gap filler 120 (prior to modification by adding the
microcapsules 125 in accordance with some embodiments of
the present invention, as described below with reference to
FIG. 6) 1s conventional. The TIM gap filler 120 may be
selected from any number of commercially available TIM
products. For example, commercially available TIM2 prod-
ucts that are suitable for use as the TIM gap filler 120 include,
but are not limited to, “Chomerics T636” available from
Chomerics, a Division of Parker Hannifin Corporation,
Woburn, Mass. and “Bergquist GF3500” available from The
Bergquist Company, Chanhassen, Minn.

Each microcapsule 125 has a shell 126 into which one or
more organosilane-coated magnetic nanoparticles 127 1s/are
covalently bound. The shell 126 of each microcapsule 125
defines a core 128 within which a solvent 129 1s encapsulated.
In FIG. 1, the core 128 of each microcapsule 125 1s 1llustrated
with cross-hatched lines to denote the core 128 1s filled with
solvent 129. In accordance with some embodiments of the
present invention, each microcapsule 125 1s a urea-formalde-
hyde (UF) microcapsule having a UF-based shell 126 ito
which one or more (3-aminopropyl) trimethylsilane-coated
magnetic nanoparticles 127 1s/are covalently bound. The UF
microcapsule 125 encapsulates one or more suitable solvents
129, such as toluene.

The solvent 129 that 1s encapsulated may be selected from
any number of materials that dissolve and/or swell the TIM
gap liller 120. Suitable solvents include, but are not limited to,
toluene, ethyl acetate, xylene, acetone, or suitable combina-
tions thereof.
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While the microcapsules 125 1n the example above are
described in the context of urea-formaldehyde (UF) micro-
capsules having UF-based shells 126, this particular micro-
capsule material 1s merely exemplary. Suitable maternials for
the shells of the microspheres include, but are not limited to,
urea-formaldehyde,  vinylidene  chlonde-acrylonitrile
copolymer, polyvinyl alcohol, polyvinyl butyral, polymeth-
ylmethacrylate, polyacrylonitrile, polyvinylidene chlonde,
polysulione, and the like. The solvent 129 1s encapsulated
within the shells 126 to form microcapsules 125 using tech-
niques known to those skilled 1n the art, such as an in-situ
polymerization method, a coacervation method, or an inter-
facial polymerization method—these conventional tech-
niques, however, are modified 1n accordance with the pre-
ferred embodiment of the present ivention so that one or
more organosilane-coated magnetic nanoparticles 127 1s/are
covalently bound 1nto the shell 126 of each microcapsule 125.
For example, as described below with reference to FIG. 5, the
microcapsules 125 may be produced by 1n situ polymeriza-
tion of urea-formaldehyde shells 126 around the solvent 129.

FI1G. 2 1s a cross-sectional view of the assembly 100 shown
in FI1G. 1 that 1s positioned for rework proximate a magnetic
field generating device 203 1n accordance with some embodi-
ments of the present invention. The magnetic field generated
by the magnetic field generating device 203 1s suilicient to
rupture the microcapsule shells 126 through magnetic stimu-
lation of the organosilane-coated magnetic nanoparticles
127. Application of a sufficiently strong high-frequency mag-
netic field causes the organosilane-coated magnetic nanopar-
ticles 127 embedded 1n the microcapsule shells 126 to rotate
and/or vibrate at an accelerated rate thereby rupturing the
microcapsule shells 126 of the microcapsules 125 and, in
turn, releasing the encapsulated solvent 129. Preferably, the
high-frequency magnetic field applied to the assembly 100 by
the magnetic field generating device 205 has a frequency of
approximately 50-100 kHz and a strength of approximately
2.5 kA/m or 31 Oe. The solvent 129 is released from the core
128 of each ruptured microcapsule shell 126 and dissolves
and/or swells the TIM gap filler 120, thereby reducing the
bond strength between the cold plate (or heat sink) 105 and
the cap (or lid) 110. In FIG. 2, the core 128 of each micro-
capsule 125 1s illustrated without cross-hatched lines to
denote the core 128 1s no longer filled with solvent 129
(shown 1n FIG. 1).

The magnetic field generating device 205 1s conventional,
and typically includes a power supply, a functional generator,
an amplifier, a multi-loop coil, and a cooling system. Prefer-
ably, the temperature of the magnetic field generating device
205 1s controlled by cycling cooling water at 25° C. through
the cooling system.

FIG. 3 15 a flow diagram illustrating a method 300 of
preparing microcapsules adapted to rupture in a magnetic
field 1n accordance with some embodiments of the present
invention. In the method 300, the steps discussed below (steps
305-310) are pertormed. These steps are set forth i their
preferred order. It must be understood, however, that the
various steps may occur simultaneously.

In accordance with some embodiments of the present
invention, the method 300 begins by providing organosilane-
coated magnetic nanoparticles (step 3035). An example of this
step 3035 of providing organosilane-coated magnetic nanopar-
ticles 1s 1llustrated 1n greater detail 1n FI1G. 4. The method 300
continues by incorporating the organosilane-coated magnetic
nanoparticles into shells of microcapsules (step 310). An
example of this step 310 of incorporating the organosilane-
coated magnetic nanoparticles into shells of microcapsules 1s
illustrated in greater detail 1n FIG. 5
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FIG. 4 1s a flow diagram illustrating a method 400 of
preparing organosilane-coated magnetic nanoparticles in
accordance with some embodiments of present invention. In
the method 400, the steps discussed below (steps 405-410)
are performed. These steps are set forth 1n their preferred
order. It must be understood, however, that the various steps
may occur simultaneously.

In accordance with some embodiments of the present
invention, the method 400 begins by reacting an organo tri-
alkoxysilane, such as aminopropyltriethoxysilane, with a
mild acid (e.g., acetic acid, hydrochloric acid, formic acid) in
an aqueous solution to form a hydrolyzed silane (step 405).
This step 405 1s performed using standard silane hydrolysis
procedures known to those skilled in the art. The hydrolyzed
silane formation step 405 may be performed at ambient tem-
perature or elevated temperatures to increase the reaction
kinetics of the silane formation. Additionally, the aqueous
solution used 1n the hydrolyzed silane formation step 405
includes a suitable solvent, such as tetrahydrofuran, ethanol
or methanol.

One skilled 1n the art will appreciate that the organo tri-
alkoxysilane reacted in the hydrolyzed silane formation step
4035 may be selected from a group of suitable organo trialkox-
ysilanes mcluding, but not limited to, amine-terminated tri-
alkoxysilanes, vinyl-terminated trialkoxysilanes, and 1socy-
anate-terminated trialkoxysilanes. Examples of additional
suitable organo trialkoxysilanes include:

Trimethoxy[3-(methylamino)propyl] silane

|3-(2-Aminoethylamino )propyl|trimethoxysilane

3-(Trniethoxysilyl)propyl 1socyanate-(3-Trimethoxysilyl-
propyl)diethylenetriamine

Once the hydrolyzed silane 1s formed 1n the step 405, the
method 400 continues by adding magnetic nanoparticles to
the solution (step 410). Preferably, the hydrolyzed silane
solution 1s mixed while the magnetic nanoparticles are added
and/or thereafter.

The magnetic nanoparticles may be, for example, Fe O,
(also referred to as “magnetite’) nanoparticles, cobalt ferrite
nanoparticles, or other magnetic nanoparticles known 1n the
art. Preferably, the magnetic nanoparticles have a diameter 1n
the range of approximately 6-25 nm

The magnetic nanoparticles are prepared using conven-
tional techniques known to those skilled in the art. For
example, magnetite nanoparticles may be prepared using a
conventional technique known as the “coprecipitation
method.” See, for example, the discussion of preparing mag-
netite nanoparticles using the coprecipitation method in the
article to M. Yamaura et al., “Preparation and characterization
of (3-aminopropyl) triethoxysilane-coated magnetite nano-
particles,” Journal ol Magnetism and Magnetic Materials,
Vol. 2779, pages 210-217, 2004, which 1s hereby incorporated
herein by reference 1n 1ts entirety.

An example of a conventional technique of preparing mag-
netite nanoparticles follows. This conventional example 1s
based on an example set forth 1n the M. Yamaura et al. article.
A 5 mol/l NaOH solution 1s added into a mixed solution of
0.25 mol/l ferrous chloride and 0.5 mol/l ferric chloride (mo-
lar ratio 1:2) until obtaining pH 11 at room temperature. The
slurry 1s washed repeatedly with distilled water. Then, the
resulting magnetite nanoparticles are magnetically separated
from the supernatant and redispersed 1n aqueous solution at
least three times, until obtaining pH 7. The M. Yamaura et al.
article reports that a typical average diameter of the resulting
magnetite nanoparticles 1s 12 nm.

Alternatively, the magnetite nanoparticles may be prepared
and then coated with (3-aminopropyl)triethoxysilane using
the silanization reaction set forth in the M. Yamaura et al.
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article. That 1s, the magnetite suspension (i.e., the resulting
magnetite nanoparticles redispersed 1n aqueous solution at
least three times, until obtaining pH 7, as discussed above)
may be heated with glycerol and 40 ml of a 10% water
solution of (3-aminopropyl)triethoxysilane (pH 4.0, adjusted
with glacial acetic acid) in a water bath for three hours. The
silanization reaction set forth in the M. Yamaura et al. article
occurs 1n two steps. In the first step, the organosilane 1s placed
into an aqueous solution of an acid that acts as a catalyst. The
organosilane 1s hydrolyzed, and a condensation reaction
occurs to form a silane polymer. In the hydrolysis reaction,
alkoxide groups (—OC,H.) are replaced by hydroxyl groups
(—OH) to form reactive silanol groups to produce siloxane
bonds (S1—O—=S1). Alcohol (C,H.OH) and water are pro-
duced as by-products of condensation. In the second step, the
polymer associates with the magnetite crystallites (or surface
clusters) forming a covalent bond with OH groups. Dehydra-
tion as well as adsorption of silane polymers to the metal
oxide occurs. In sequence, after magnetic separation, the
silanized magnetite particles may be thoroughly washed with
distilled water and drnied, yielding a fine powder. The M.
Yamaura et al. article reports that a typical average diameter
of the resulting (3-aminopropyl) triethoxysilane-coated mag-
netite nanoparticles 1s 15 nm.

FIG. 5 1s a flow diagram illustrating a method 3500 of
incorporating organosilane-coated magnetic nanoparticles
into shells of microcapsules 1n accordance with some
embodiments of present invention. In the method 500, the
steps discussed below (steps 505-530) are performed. These
steps are set forth 1n their preferred order. It must be under-
stood, however, that the various steps may occur simulta-
neously or at other times relative to one another. Moreover,
those skilled in the art will appreciate that one or more steps
may be omitted.

In accordance with some embodiments of the present
invention, conventional microcapsule fabrication processes
(e.g., 1 situ polymerization of urea-formaldehyde (UF)
microcapsule shells) may be modified to incorporate the orga-
nosilane-coated magnetic nanoparticles so that the nanopar-
ticles are covalently bound into shells of microcapsules. Such
conventional fabrication processes are described in E. N.
Brown et al., “In situ poly(urea-formaldehyde) microencap-
sulation of dicyclopentadiene,” Journal of Microencapsula-
tion, Vol. 20, No. 6, pages 719-730, 2003 and B. J. Blaiszik et
al., “Microcapsules filled with reactive solutions for seli-
healing materials,” Polymer, Vol. 50, pages 990-997, 2009,
cach of which s hereby incorporated herein by reference inits
entirety.

The method 500 begins by preparing an aqueous solution
by mixing water and ethylene maleic anhydride (EMA)
copolymer, and then agitating the aqueous solution (step
505). For example, 200 ml of deionized water and 50ml o1 2.5
wt % aqueous solution of EMA copolymer may be mixed at
room temperature (20-24° C.) in a 1000 ml beaker. The bea-
ker may be suspended 1n a temperature-controlled water bath
on a programmable hotplate monitored with an external tem-
perature probe. The aqueous solution may be agitated with a
digital mixer driving a three-bladed, 63.5 mm diameter low-
shear mixing propeller placed just above the bottom of the
beaker. Preferably, the aqueous solution 1s agitated at 200-
2000 rpm.

Next, the method 500 continues by adding urea, ammo-
nium chloride, resorcinol, and organosilane-coated magnetic
nanoparticles to the aqueous solution, and then adjusting the
pH (step 510). Preferably, an appropriate amount of organosi-
lane-coated magnetic nanoparticles are added to the aqueous
solution such that urea-formaldehyde (UF) microcapsules are
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fabricated that have a magnetic nanoparticle content of
approximately 0.5-20 wt %. For example, while the aqueous
solution 1s under agitation (e.g., at 800 rpm), 5.0 gurea, 0.5 g
ammonium chlornde, 0.5 gresorcinol, and 1.2 g organosilane-
coated magnetic nanoparticles may be added 1n the aqueous
solution. The pH may then be raised from approximately 2.6

to 3.5 by drop-wise addition of sodium hydroxide (NaOH).
One or more drops of 1-octanol may be added to eliminate
surface bubbles.

In lieu of, or 1 addition to, adding organosilane-coated
magnetic nanoparticles to the aqueous solution during step
510, the nanoparticles may be added to the emulsion during
step 525. In erther case, an appropriate amount of organosi-
lane-coated magnetic nanoparticles are added such that urea-
formaldehyde (UF) microcapsules are fabricated that have a
magnetic nanoparticle content of approximately 0.5-20 wt %.

The method 500 continues by preparing a core solution of
one or more solvents (step 515). For example, 60 ml of a core
solution comprised entirely of toluene may be prepared. This
core solution preparation step 515 may be performed at any
time prior to the emulsion preparation step 520, described
below.

Next, the method 500 continues by preparing an emulsion
by adding the core solution to the aqueous solution (step 520).
For example, a slow stream of 60 ml of toluene core solution
(prepared 1n step 515) may be added to the aqueous solution
(prepared 1n step 510) to form an emulsion. The emulsion 1s
allowed to stabilize, preferably for about 10 min.

Then, the method 500 continues by adding an aqueous
solution of formaldehyde to the emulsion, and then reacted
for 4 hours at 55° C. to form urea-formaldehyde (UF) micro-
capsules with shells incorporating the organosilane-coated
magnetic nanoparticles and encapsulating the one or more
solvents (step 523). For example, after stabilization of the
emulsion (in step 520), 12.7 g of 37 wt % aqueous solution of
tformaldehyde (this solution 1s also known as “formalin™) may
be added to the emulsion (prepared 1n step 520) to obtain a
1:1.9 molar ratio of formaldehyde to urea. The resulting
emulsion may be covered and heated at a rate of 1° C./min to
the target temperature of 55° C. After 4 hours of continuous
agitation (e.g., at 800 rpm), the mixer and hot plate may be
switched off. Once cooled to ambient temperature, the sus-
pension of microcapsules may be separated under vacuum
with a coarse-Iritted filter.

Finally, the method 500 concludes by washing and then
drying the microcapsules (step 530). For example, the micro-
capsules (prepared 1n step 525) may be rinsed with deionized
water and air dried for 24-48 hours. A sieve may be used to aid
in the separation of the microcapsules.

FIG. 6 1s a flow diagram 1llustrating a method of preparing,
an enhanced thermal interface material (TIM) gap filler 1n
accordance with some embodiments of present invention. In
the method 600, the steps discussed below (steps 605-615)
are performed. These steps are set forth i their preferred
order. It must be understood, however, that the various steps
may occur simultaneously or at other times relative to one
another. Moreover, those skilled 1n the art will appreciate that
one or more steps may be omitted.

The method 600 begins by providing a TIM gap filler (step
605). The TIM gap filler may be selected from any number of
commercially available TIM products. For example, com-
mercially available TIM?2 products that are suitable for use as
the TIM gap filler include, but are not limited to, “Chomerics
1636 available from Chomerics, a Division of Parker Han-
nifin Corporation, Woburn, Mass. and “Bergquist GF3500”
available from The Bergquist Company, Chanhassen, Minn.
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The method 600 continues by providing microcapsules
adapted to rupture 1n a magnetic field (step 610). For example,
such microcapsules may be prepared in accordance to the
method 500, described above with reference to FIG. 5. The
microcapsule preparation step may be performed any time
prior to the loading step 615, described below.

The method 600 concludes by adding the microcapsules to
the TIM gap filler (step 615). The relative amount of micro-
capsules added to the TIM gap filler (i.e., the load ratio) 1s
dependent upon a number of factors, including the reduction
in adhesive force required. Generally, a suitable load ratio 1s
determined empirically. Typically, a suitable load ratio falls
within the range of approximately 1-20 wt %.

FIG. 7 1s a flow diagram 1illustrating a method of removing,
a lirst substrate from a second substrate aifixed to the first
substrate by an enhanced thermal interface material (TIM)
gap filler in accordance with some embodiments of present
invention. In the method 700, the steps discussed below (steps
705-715) are performed. These steps are set forth in their
preferred order. It must be understood, however, that the
various steps may occur simultaneously or at other times
relative to one another. Moreover, those skilled 1n the art will
appreciate that one or more steps may be omitted.

The method 700 begins by positioning a magnetic field
generating device proximate a substrate assembly (step 705).
For example, the magnetic field generating device 2035
(shown 1n FIG. 2) may be positioned proximate the substrate
assembly 100 (shown 1n FIGS. 1 and 2).

Then, the method 700 continues by activating the magnetic
field generating device (step 710). For example, activation of
the magnetic field generating device may be accomplished by
mitiating the flow electrical current through the device’s
multi-loop coil to generate a magnetic field having the desired
strength.

The method 700 concludes by removing the first substrate
from the second substrate (step 715). For example, as a con-
sequence ol activation of the magnetic field generating
device, the microcapsule shells rupture, the ruptured micro-
capsules release the solvent encapsulated in the microcap-
sules, the released solvent dissolves and/or swells the TIM
gap filler, thereby reducing the bond strength between the
substrates of the substrate assembly. Consequently, the sub-
strates may be readily removed one from the other. In the case
ol the substrate assembly 100 (shown 1n FIGS. 1 and 2), for
instance, as a consequence of activation of the magnetic field
generating device 205 (shown 1n FIG. 2), the coldplate 105
may be readily removed from the electronics module 110.

One skilled 1n the art will appreciate that many variations
are possible within the scope of the present mvention. For
example, although some embodiments of the present mven-
tion are described herein in the context of removing a cold-
plate adhered to an electronics module by a TIM gap filler, the
present mvention may be utilized in the context of other
substrate assemblies, such as a label adhered to a product by
an adhesive layer. In such an alternative embodiment, micro-
capsules encapsulating an adhesive solvent and adapted to
rupture 1n a magnetic field may be distributed in the adhesive
layer. Thus, while the present invention has been particularly
shown and described with reference to some embodiments
thereot, 1t will be understood by those skilled 1n the art that
these and other changes 1n form and detail may be made
therein without departing from the spirit and scope of the
present invention.

What is claimed 1s:

1. A method of preparing microcapsules adapted to rupture
in a magnetic field, comprising the steps of:

providing organosilane-coated magnetic nanoparticles;
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incorporating one or more of the organosilane-coated mag-
netic nanoparticles into a shell of each of a plurality of
microcapsules so that the one or more organosilane-
coated magnetic nanoparticles i1s/are embedded 1n the
shell of each of the plurality of microcapsules, wherein
the shell of each of the plurality of microcapsules encap-
sulates a solvent, and wherein the step of incorporating,
one or more of the organosilane-coated magnetic nano-
particles into the shell of each of the plurality of micro-
capsules includes the step of incorporating one or more
of the organosilane-coated magnetic nanoparticles into
the shell of each of a plurality of urea-formaldehyde
(UF) microcapsules during in situ polymerization of the
UF microcapsules.

2. The method as recited 1n claim 1, wherein the step of
incorporating one or more of the organosilane-coated mag-
netic nanoparticles into the shell of each of the plurality of
microcapsules includes the steps of:

preparing an aqueous solution by mixing water, ethylene

maleic anhydrnide (EMA) copolymer, urea, ammonium
chloride, resorcinol and the organosilane-coated mag-
netic nanoparticles;

preparing a core solution of one or more solvents;

preparing an emulsion by adding the core solution to the

aqueous solution;

adding an aqueous solution of formaldehyde to the emul-

S101.

3. The method as recited in claim 2, wherein the core
solution includes toluene.

4. The method as recited 1n claim 1, wherein the step of
incorporating one or more of the organosilane-coated mag-
netic nanoparticles into the shell of each of the plurality of
microcapsules includes the steps of:

preparing an aqueous solution by mixing water, ethylene

maleic anhydride (EMA) copolymer, urea, ammonium
chloride and resorcinol;

preparing a core solution of one or more solvents;

preparing an emulsion by adding the core solution to the

aqueous solution;

adding an aqueous solution of formaldehyde and the orga-

nosilane-coated magnetic nanoparticles to the emulsion.

5. The method as recited in claim 4, wherein the core
solution includes toluene.

6. The method as recited in claim 1, wherein the step of
providing organosilane-coated magnetic nanoparticles
includes the steps of:

forming a hydrolyzed silane by reacting an organo tri-

alkoxysilane with a mild acid 1n an aqueous solution of
a solvent;

adding magnetic nanoparticles to the aqueous solution.

7. The method as recited 1n claim 6, wherein the mild acid
1s selected from a group consisting of acetic acid, hydrochlo-
ric acid, formic acid, and combinations thereof, and wherein
the solvent 1s selected from a group consisting of tetrahydro-
furan, ethanol, methanol, and combinations thereof.

8. The method as recited 1n claim 7, wherein the organo
trialkoxysilane 1s aminopropyltriethoxysilane.

9. The method as recited 1n claim 8, wherein the magnetic
nanoparticles include magnetite nanoparticles.

10. The method as recited 1n claim 1, wherein the step of
providing organosilane-coated magnetic nanoparticles
includes the step of preparing (3-aminopropyl) trimethoxysi-
lane-coated magnetite nanoparticles, and wherein the step of
incorporating one or more of the organosilane-coated mag-
netic nanoparticles into the shell of each of the plurality of
microcapsules includes the step of incorporating one or more
of the (3-aminopropyl) trimethoxysilane-coated magnetite
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nanoparticles ito the shell of each of a plurality of urea-
tormaldehyde (UF) microcapsules during in situ polymeriza-
tion of the UF microcapsules.

11. A method of preparing an enhanced thermal 1nterface
material (TIM) gap filler for filling a gap between two sub-
strates, the method comprising the steps of:

providing a TIM gap filler;

providing microcapsules adapted to rupture in a magnetic

field, wherein each microcapsule has a shell encapsulat-
ing a solvent and 1into which one or more organosilane-
coated magnetic nanoparticles 1s/are covalently bound
so that the one of more organosilane-coated magnetic
nanoparticles 1s/are embedded 1n the shell of each of the
microcapsules;

adding the microcapsules to the TIM gap filler;

wherein the solvent 1s selected to dissolve and/or swell the

TIM gap filler when the solvent 1s released from encap-
sulation upon rupture of the microcapsules in the mag-
netic field.

12. A method of removing a first substrate from a second
substrate atlixed to the first substrate by an enhanced thermal
interface material (TIM) gap filler, wherein the enhanced
TIM gap filler includes a TIM gap filler and microcapsules
adapted to rupture 1n a magnetic field and distributed in the
TIM gap filler, and wherein each microcapsule has a shell
encapsulating a solvent and into which one or more organosi-
lane-coated magnetic nanoparticles 1s/are covalently bound,
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so that the one or more organosilane-coated magnetic nano-
particles 1s/are embedded 1n the shell of each of the micro-
capsules, the method comprising the steps of:
positioning a magnetic field generating device proximate
at least one of the first substrate and the second substrate;
activating the magnetic field generating device to generate
a magnetic field suflicient to rupture the shell of the
microcapsules through magnetic stimulation of the
organosilane-coated magnetic nanoparticles, embedded
in the shell of the microcapsules, thereby releasing the
solvent from the ruptured shell and into the TIM gap

filler;

wherein the solvent released from the ruptured shell dis-
solves and/or swells the TIM gap filler, thereby reducing,
the bond strength between the first substrate and the
second substrate.

13. The method as recited 1n claim 12, wherein the first
substrate 1s a coldplate and the second substrate 1s an elec-
tronics module.

14. The method as recited 1n claim 11, further comprising
the step of aflixing a {first substrate to a second substrate
through the enhanced TIM gap filler.

15. The method as recited 1n claim 14, wherein the first
substrate 1s a coldplate and the second substrate 1s an elec-
tronics module.
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